Purpose: CT is a useful modality for the evaluation of fetal skeletal dysplasia but radiation exposure is unavoidable. The purpose of this study is to compare the usefulness of MRI and CT for evaluating the fetal skeletal shape.
skeletal integrity. Although the incidence of each disorder is low, the rate of skeletal dysplasia is close to one in 5000 births. 1 A prenatal diagnosis is important for selecting the delivery method and for early intervention. 2 Ultrasonography (US) is the first-line imaging modality to screen fetuses. While the diagnostic accuracy of 2D US for fetal skeletal dysplasia ranges from only 40-60%, 3, 4 on CT scans, the whole fetal skeleton is visualized. [4] [5] [6] [7] [8] [9] Therefore, CT is considered to be valuable for the prenatal diagnosis of skeletal dysplasia. 6, [8] [9] [10] However, radiation exposure at CT is a critical issue as fetuses are more radiation-sensitive than adults 11, 12 and low radiation doses may result in DNA double-strand breaks. 13 Although some low-dose CT scanning techniques have been developed, 6, [8] [9] [10] radiation exposure is unavoidable.
MRI is a possible alternative for the examination of the fetal skeletal system. 14, 15 It demonstrates the bone cortex as a low-intensity area due to the absence of hydrogen protons; as T 2 or T 2 * relaxation time is very short it can be difficult to differentiate surrounding tissues from the bone cortex. We devised a MR sequence based on a T 2 *-weighted scan sequence that can identify the bone structure and differentiate
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Introduction
Fetal skeletal dysplasia is a heterogeneous anomaly comprised of more than 400 disorders associated with bone and cartilage disorders. It affects fetal skeletal formation and results in an anomalous shape and size and compromised it from surrounding tissue. In this preclinical study we used human fetal specimens to investigate whether MRI is an alternative to CT for the evaluation of the fetal bone shape.
Materials and Methods
This cross-sectional study was approved by our Institutional Review Board. Written informed consent was waived because the human fetal specimens had been stored in formalin for 50-60 years; consequently it was impossible to identify relatives.
Specimens
We acquired 14 fetal specimens from our Department of Anatomy; they had been stored for educational and research purposes. We selected specimens with a gestational age of 28-32 weeks because they were well preserved and because fetal CT is generally performed in the 2nd or 3rd trimester to minimize adverse irradiation-related sequelae. 5 Our determination of the fetal age was based on the crown-rump length. 16 The 14 specimens were five males and nine females; four were at 28-and the other 10 at 32-week gestation. Their median weight was 1152 g (range, 601-1576 g).
We placed each fetus in a cylindrical plastic container (length, 27 cm; diameter, 23 cm) filled with water. To secure each specimen in the container, we placed it on a plastic base and surrounded it with a plastic net. We also inserted a plastic tube and bottles containing oil in the container (Fig. 1 ).
Before MRI we confirmed the absence of bone demineralization and skeletal dysplasia on prior CT scans.
MRI
We used a 3T MRI scanner (TRILLIUM OVAL, Hitachi, Tokyo, Japan). Because 3D image processing was of importance, to demonstrate the bone shape accurately, we optimized the T 2 *-weighted multiple gradient-echo sequence by selecting TE and flip angle that yielded high contrast between bones and surrounding tissues. We also removed the black band arising from chemical shift artifacts to avoid bone shape overestimation. For details see Supplementary Material. The parameters for our MRI studies were TR, 12 ms; TE for opposed-phase imaging, 6.1 ms; in-phase imaging, 7.3 ms; flip angle, 40°; band width, 182 kHz; scan FOV, 300 mm; frequency matrix, 428; slice thickness, 1.2 mm (axial plane); slice spacing, 0.6 mm; number of excitations (NEX), 1. The scan time was 10 min and 58 s.
CT
We acquired helical scans on a 320-detector row CT scanner (Aquilion One Genesis version, Canon Medical Systems, Tochigi, Japan). The scan parameters were tube voltage, 80 kV; tube current, 800 mA; rotation time, 0.35 s; pitch factor, 1.388; scan FOV, 32 cm; display FOV, 26 cm; detector configuration, 80 × 0.5 mm; reconstruction slice thickness and interval, 0.5 mm. We adopted a fixed tube current and did not use automatic exposure control. Image reconstruction was with a hybrid-type iterative reconstruction algorithm (Adaptive iterative dose reduction, 3D, Canon Medical Systems); the reconstruction kernel was filter convolution (FC) 13 (standard body kernel).
Image analysis
We examined 14 fetal specimens and selected eight regions (cervical spine, thoracic spine, lumbar spine, 5th metacarpals, 5th metatarsals, femurs, fibulas, pelvis) for evaluation on MRI scans. We included the spine because its evaluation by US is difficult although inspection of the spine is indispensable for the diagnosis of skeletal dysplasia. The 5th metacarpals and metatarsals represent the small-, and the fibulas and femurs the long bones.
To evaluate the MRI scans, we generated curved planar reconstruction (CPR) images along the long axis of the bones. Our standard images were maximum intensity projection (MIP) images obtained by CT. The display window and level of the CT images was as in "bone window". The window level was 400, the width was 840-1200. To evaluate the pelvis we used volume-rendering (VR) images. CPR, MIP, and VR images were generated on a workstation (Virtual Place Fujin 370, version 3.7011, AZE, Tokyo, Japan). Four board-certified radiologists with 17, 33, 10, and 10 years of experience in radiology assessed demonstration of the fetal bones on MRI scans. Visualization of the bones on MRI scans was scored using CT images as the reference standard. The 5-point scoring system was based on the Likert scale. 17, 18 The diagnostic performance of MR and CT images with respect to bone sharpness and morphology was compared and graded as 5 = MRI definitely superior, 4 = MRI slightly superior, 3 = MRI and CT almost the same, 2 = MRI slightly inferior to CT but diagnosis possible, 1 = MRI definitely inferior ( Figs. 2 and 3 ).
Statistical analysis
The quality of the MRI scans was visually evaluated by applying the McNemar test to the eight examined regions. When the P-value was <0.05 and the number of specimens with a score of 4 or 5 exceeded that of specimens with a score of 1 or 2, we considered the diagnostic ability of MRI superior to CT. On the other hand, when the P-value was <0.05 and the number of specimens with a score of 1 or 2 exceeded that of specimens with a score of 4 or 5, we recorded the diagnostic ability of CT superior to MRI.
Interobserver agreement was analyzed using weighted kappa statistics, where k-coefficient < 0.10 = poor, 0.21-0.40 = fair, 0.41-0.60 = moderate, 0.61-0.80 = substantial, 0.81-1.00 = almost perfect agreement. 19 Statistical analysis was performed with statistical software (R package version 3.4.1, JMP Pro, version 13.0.0, SAS Institute Inc., Cary, NC, USA). Table 1 show the visualization scores assigned to the MRI scans by the four readers to eight areas in 14 fetal specimens. By all readers, only visualization of the thoracic spine was recorded as inferior on MRI than CT scans (score 1 or 2). These results indicate that only with respect to the bone shape of the thoracic spine, the diagnostic ability of MRI was inferior to CT. The readers reported that on MRI scans of the thoracic spine assigned a score of 2, the signal intensity of the intervertebral disks was as low as that of the vertebral bodies, rendering their differentiation difficult (Fig. 3b ). On the other hand, with respect to visualization of the 5th metacarpal, femur, fibula, and pelvis, their visualization was reported as significantly better on MRI than CT scans ( Fig. 3c-3f ).
Results
The k-coefficient for interobserver agreement for the cervical spine, lumbar spine and fibula was moderate (0.59, 0.55, and 0.55, respectively). It was substantial for the other five areas (range, 0.68-0.76) ( Table 2 ).
Discussion
Our study demonstrates that our newly-developed MRI sequence yielded visualization of fetal skeletal formation. Small bones, i.e. the 5th metacarpal and the 5th metatarsal The metatarsal bone (arrows) is blurred but confirmed. The bone contour is uncertain on the MRI scan. MRI is definitely inferior to CT. Score 2: The metatarsal bone (arrows) is blurred on the MRI scan but its contour can be identified. Score 3: The shape and edge of the metacarpal bone (arrows) are the same on CT-and MRI-scans. Score 4: The shape and edge of the metacarpal bone (arrows) are clearer on the MRI-than the CT-scan. Score 5: The edge of the metacarpal bone (arrows) is blurred on the CT image but is clearly visualized on the MRI scan. and thin bones, e.g. the fibula were clearer on MRI than CT scans. Although the image quality of MRI was inferior to CT for visualization of the thoracic spine, no observer recorded MRI as definitely inferior to CT (score 1), indicating that the diagnostic ability of MRI and CT scans was comparable.
Based on these results we suggest that MRI is a potential alternative to CT for the evaluation of fetal bones.
MR sequences that demonstrate the bone shape as a "black bone" in fetuses and children have been reported. Eley et al. 20 compared "black bone" visualization of the pediatric cranial bone on MRI and CT scans. Robinson et al. 21 reported that the fetal spine was observable on susceptibility-weighted images. However, demonstration of the bone structure of in situ fetuses on MRI and CT scans has not been compared due to ethical issues related to radiation exposure.
Our MRI sequence facilitates the acquisition of high spatial-resolution 3D images of the fine structure of bones. The contrast between bone and the surrounding tissue is higher than on scans obtained with ultrashort TE and zero TE (ZTE) sequences. Both involve chemical shift of lipid and inhomogeneity of the static magnetic field resulting in concentric blurring on images due to radial sampling, gridding errors in radial sampling that lead to image deterioration, and the need for more excitations when radial rather than Cartesian sampling is applied to obtain the same spatial resolution. Also, as the ZTE sequence requires dedicated hardware, its wide-spread application may be limited. 22 Therefore, we think that our method makes the best use of the advantages of the Cartesian sampling by adding a correction for the chemical shift of lipid. Overall, interobserver agreement was acceptable. For the cervical spine, lumbar spine, and fibula it was moderate, for the other five regions it was substantial. Therefore we concluded that the quality of our fetal MRI scans was stable and of potential clinical applicability.
With our MRI sequence, it was difficult to separate the thoracic spine from connected intervertebral disks because some intervertebral disks were of the same intensity as the bone cortex and water; this made it difficult to differentiate between the vertebral body and vertebral disks. The center of the intervertebral disk, the nucleus pulposus, is highly cellular and contains proteoglycan. As the fetal nucleus pulposus is hydrated and contains a large amount of proteoglycans, the vertebral disk shows the same intensity as does water. 23, 24 This may explain why our observers were unable to differentiate between the vertebral body and vertebral disks.
As we aimed at obtaining high contrast and high spatialresolution images, approximately 11 min were required to scan the whole fetus. We think that the scan time can be reduced by fast-imaging techniques. We estimate that the fetal scan time can be shortened by 60% to about 3 min by applying k y − k z circular sampling and compressed sensing. [25] [26] [27] Moreover, our image reconstruction method that applies deep learning shortens the time required for image reconstruction time. 28 Investigations are underway to determine whether the combination of k y − k z circular sampling, compressed sensing, and our image reconstruction method can shorten the image acquisition time to below 3 min.
Although we were able to obtain partial 3D VR images of the pelvis, we could not acquire whole-body 3D VR images because the difference in the signal intensity of the skeletal system and surrounding tissue was insufficient for the generation of such images. While the whole fetal skeletal structure can be observed on 3D VR images, 10 the diagnosis of skeletal dysplasia requires the separate assessment of individual portions. As our scan sequence facilitated the acquisition of fetal volume data, it made possible the evaluation of individual parts and of the whole fetal skeletal structure.
Our study has a limitation. Our findings cannot be extrapolated to in situ fetuses because our specimens had been formalin-fixed for more than 50 years. Although CT studies confirmed that their bones were not decalcified, formalin fixes proteins by binding-and cross-linking steps; consequently, most of the organs are degenerated. 29 As it is especially difficult to fix fat tissue, it appeared to be less than in in situ fetuses. 30 According to Haga et al., 31 T 2 and T 2 * values of the brain in vivo were not significantly different from that with formalin fixation. On the other hand, Birkl et al. showed that formalin fixation reduces the relaxation time of T 1 , T 2 , and T 2 * in the brain. If this applies to other organs, there may be difference in the signal intensity of bone and other organs. 29 However, we think that the signal intensity difference between skeletal systems and surrounding tissue can be recognized because in our chicken phantom study we observed a marked difference between bones and peripheral organs (see Supplementary Material).
Conclusion
In conclusion, for the evaluation of the fetal bone shape, the MRI sequence we developed may represent an alternative to CT imaging and may help to diagnose fetal skeletal dysplasia without the risk inherent in radiation exposure.
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Supplementary Material
On T 2 *-weighted images, tissues with short T 2 and T 2 *, i.e. bones and tendons, are observed as low-intensity areas. Therefore we optimized our sequence for T 2 *-weighted imaging to demonstrate bone accurately. Supplementary Fig. 1 Schematic drawing of our method to cancel out the effect of fat tissue. On conventional images there are chemical shift artifacts around the bone cortex that may result in overestimation of the bone cortex. We used the Dixon method to acquire dual-echo acquisition-time images. From in-and out-of-phase images, we acquired water and fat images and translated the fat images in one pixel into the frequency-encoded direction to synthesize fat and water images. TE: echo time. Supplementary Fig. 2 Images of the chicken phantom acquired with our method for cancelling the effect of fat tissue. Note the black band from the chemical shift artifact at the edge of the bone cortex (solid arrow, top row). Application of our method cancelled the effect of the chemical shift artifact [open arrow (bottom row, right)]. TE: echo time. Supplementary Fig. 3 Matrix views of images obtained with various TE and FA combinations. TE was the intermediate value of TE on in-and outof-phase images. Increasing TE increased the contrast between the bone cortex and surrounding tissue. Bottom row: TE for opposedphase imaging, 6.1 ms; in-phase imaging, 7.3 ms, FA 40° (red frame). TE: echo time, FA: flip angle.
Supplementary Table 1
Contrast-to-noise ratio between the bone cortex and gluteus muscle
Subjects
We used an edible whole chicken as a phantom to optimize the MR sequence. The weight of the chicken was 906 g, almost the same as of a fetus with a gestational age of 24-27 weeks. We placed the chicken phantom in an ellipsoidal plastic box and fixed it with agar.
MRI
We used the same 3T MRI scanner (TRILLIUM OVAL) as in the study of human fetal specimens.
First, to obtain clear bone-cortex images exhibiting high contrast with surrounding tissues, we optimized the T 2 *-weighted multiple gradient-echo sequence. We changed the TE and flip angle (FA).
Cycle 1: TE for opposed-phase imaging, 1.2 ms; in-phase imaging, 2.4 ms. Cycle 2: TE for opposed-phase imaging, 3.7 ms; in-phase imaging, 4.9 ms. Cycle 3; TE for opposed-phase imaging, 6.1 ms; in-phase imaging, 7.3 ms. Cycle 4: TE for opposed-phase imaging, 8.6 ms; in-phase imaging, 9.8 ms.
We also changed the FA to 10-, 20-, 30-, and 40°. The other scan parameters were: TR, 12 ms; band width, 220.0 kHz; scan FOV, 250 mm; frequency matrix, 280; slice thickness, 1.0 mm (coronal plane), NEX 1.
Then we produced synthesized T 2 * images to remove chemical shift artifacts. We used water and fat images because on T 2 *-weighted images, the bone cortex may be over-estimated due to chemical shift artifacts resulting from fat tissue around the bone (Figs. S1 and S2). For TE and FA optimization we used the 2-point Dixon method whose application yielded water-and fat images. We adjusted the MR scan parameters to render the width of chemical shift artifacts to be one pixel (bandwidth 182 kHz, FOV 300 mm, frequency matrix, 428). Then we parallel-translated the fatphase images in one pixel into the frequency-encoded direction and synthesized fat and water images. Figure S1 is a schematic drawing of our method and Fig. S2 shows actual MR images for each process.
Analysis
We measured the contrast-to-noise ratio (CNR) on each scan. CNR was defined as:
CNR Intensity bone
Intensity muscle Noise muscle = ( ) ( ) ( ) -
We measured the signal intensity of bone and of the gluteal muscle at the left proximal diaphysis of the tibia and at the muscle, respectively. As most bones are surrounded by muscle, we defined noise as the standard deviation of the gluteal muscle.
Optimization results
We were unable to obtain a 4th-cycle image due to the limited conditional tolerance of our MRI scanner. Table S1 shows our CNR measurements. The highest CNR (6.88) was obtained at TE 6.7 ms and FA 40°. Figure S3 presents matrix views of images obtained with various combinations of TE and FA.
